Previous studies on LPS from Neisseria meningitidis strains M992B, the immunotype L6 strain, NMB, the type strain, a candidate LPS vaccine strain 6275z, and an extensively used clinical strain M986 had suggested that the location of the phosphoethanolamine (PEtn) residue was the 7-position of the distal heptose residue (HepII) of the inner-core oligosaccharide (OS). In all cases, this was only established by chemical methods, methylation linkage analyses. In this study, we have used standard NMR techniques to unequivocally show that the PEtn residue is actually located at the 6-position and not at the 7-position of the HepII residue in all of these strains. The 6-PEtn transferase genes were sequenced and their translated amino acid sequences were shown to be greater than 96% identical to that of the Lpt6 transferase from the L4 immunotype strain, which has been shown to transfer PEtn to the 6-position of the distal heptose residue. We discuss the implications of these findings with respect to the immunotyping scheme for the meningococci and in the context of LPS-based vaccine development.
Introduction
The LPS of Neisseria meningitidis contains a core oligosaccharide (core OS) unit with a conserved inner-core di-heptose-N-acetyl-glucosamine backbone, wherein the two L-glycero-Dmanno-heptose (Hep) residues can provide a point of attachment for the outer-core OS residues . Meningococcal LPS has been classified into 12 distinct LPS immunotypes (L1-L12), originally defined by monoclonal antibody (mAb) reactivities (Scholten et al. 1994 ), but further defined by structural analyses. The structures of LPS from immunotypes L1/6 (Di Fabio et al. 1990; Wakarchuk et al. 1998 ), L2 (Gamian et al. 1992) , L3 (Pavliak et al. 1993) , L4/7 (Kogan et al. 1997) , L5 , and L9 (Jennings et al. 1983; Choudhury et al. 2008 ) have been elucidated. The structural basis of the immunotyping scheme is governed by the location of a phosphoethanolamine (PEtn) moiety on the distal heptose residue (HepII), reported at either the 3-(Di Fabio et al. 1990; Pavliak et al. 1993; Kogan et al. 1997; Wakarchuk et al. 1998) or 6- (Gamian et al. 1992; Kogan et al. 1997; Choudhury et al. 2008) or 7-position (Di Fabio et al. 1990) or absent or at two of the three positions simultaneously (Cox, Li, Brisson, et al. 2002; Monteiro et al. 2003) . The length and nature of OS extension from the proximal heptose residue (HepI) and the presence or absence of a glucose sugar at HepII also dictate the immunotype. The genes lpt3 and lpt6 that encode the transferases responsible for the specific transfer of a PEtn residue to the 3-and 6-positions, respectively, of the distal heptose residue of the inner-core OS have recently been identified (Mackinnon et al. 2002; Wright et al. 2004) . In all our studies with meningococcal OS, we have not identified a PEtn residue at the 7-position of the HepII residue as postulated by several authors (Di Fabio et al. 1990; Yamasaki et al. 1993; Rahman et al. 1998; Monteiro et al. 2003; Pavliak 2004; Tsai et al. 2009 ). Our interest in the development of the inner-core OS of meningococcal LPS as a candidate vaccine antigen led us to explore the true range of inner-core structures that may need to be considered in a LPS-based vaccine. We wanted to confirm whether the identification of PEtn at the 7-position of the distal heptose residue was indeed accurate because if this were so it could necessitate the requirement for a much larger cocktail of inner-core structures to achieve broad coverage of the meningococci. In order to unambiguously determine the location of PEtn at the HepII residue of the OS from the immunotype L6 strain M992B, type strain NMB, the LPS vaccine candidate strain 6275z, and an extensively used clinical strain M986, we utilized NMR analyses in addition to standard structural techniques.
Results

Strain M992B
Sugar analysis of the purified LPS from strain M992B revealed glucose (Glc), galactose (Gal), N-acetylglucosamine (GlcNAc), and L-glycero-D-manno-heptose (LD-Hep) in the approximate ratio of 1:1:2:1. O-Deacylated LPS (LPS-OH) was analyzed by CE-ES-MS (Table I) , revealing major ions at m/z ∼656.8 4− , 876.1 3− , and 1314.8 2− corresponding to a composition of PEtn, 2HexNAc, 2Hep, 2Hex, 2Kdo, lipid A-OH.
Similarly, CE-ES-MS analysis on the core OS gave a doubly charged ion at m/z 758.2 suggesting a composition of OAc, PEtn, 2HexNAc, 2Hep, 2Hex, Kdo (Table I) . Following treatment with mild base (0.1 M NaOH, RT, 1 h) the de-O-acetylated core OS was re-examined by CE-ES-MS, revealing a doubly charged ion at m/z 737.2 suggesting a composition of PEtn, 2HexNAc, 2Hep, 2Hex, Kdo (Table I) . Taken together the sugar and CE-ES-MS analyses suggested that core OS from strain M992B had Phosphoethanolamine in the LPS from Neisseria meningitidis Average mass units were used for calculation of molecular weight based on proposed composition as follows: lipid A-OH, 952.00; Hex, 162.15; HexNAc, 203.19; Hep, 192.17; Kdo, 220.18; PEtn, 123.05; Sial, 291.18; OAc, 42.00; Gly, 57.02. a composition which was consistent with the previous published data, and the PEtn residue was present stoichiometrically. In order to elucidate the exact location of the PEtn residue and to confirm the linkage patterns of the glycose residues of the OS in strain M992B, NMR studies were performed. Initially, the native OS fractions following Bio-Gel P-2 fractionation that gave the most resolved and homogeneous spectrum (Frs. 13-17) were combined and examined. Consistent with the CE-ES-MS data, this sample clearly contains an O-acetyl moiety causing some heterogeneity in the 1 H-NMR spectrum. As the goal of this study was to ascertain the location of the PEtn residue, and it was established by 31 P-NMR experiments (data not shown) that the PEtn residue was located at a position whose proton resonance was 4.56 ppm both before and after Odeacetylation of Frs 13-17, the O-deacetylated OS sample was examined by 2D NMR techniques. The complete assignment of 1 H and 13 C resonances of the sugars of the M992B core OS following O-deacetylation was achieved, by employing standard homonuclear 2D NMR COSY, TOCSY, 13 C-1 H HSQC, and 13 C-1 H HSQC-TOCSY techniques and by comparison with reported data for the meningococcal oligosaccharides (Rahman et al. 1998) . These assignments are summarized in Table II . The sequence of glycosyl residues within the oligosaccharide was determined from inter-residue 1 H-1 H NOE measurements between anomeric and aglyconic protons on adjacent glycosyl residues. The observed NOE connectivities and 1 H chemical shifts were consistent with the L6 immunotype core structure that had been published previously (Di Fabio et al. 1990 ).
The spin system originating from the anomeric proton resonance of the HepII was informative ( Figure 1A ). The chemical shifts of the H-2 (4.11 ppm), H-3 (4.00 ppm), and H-4 (4.00 ppm) resonances of the HepII residue were characteristic of the absence of substitution at the 3-position (Kogan et al. 1997; Mackinnon et al. 2002) . Using an extended mixing time (120 ms), it was possible to observe the H-5 (3.74 ppm) and H-6 (4.56 ppm) resonances in the spin system from the anomeric proton resonance of the HepII residue in a TOCSY experiment. The identification of a resonance at 4.56 ppm was characteristic of PEtn substitution at the 6-position of HepII (Kogan et al. 1997 ). The same TOCSY experiment ( Figure 1B ) identified cross-peaks at 3.83 and 3.73 ppm from the resonance at 4.56 ppm. This observation was extended in a 13 C-1 H HSQC experiment (data not shown) where it was illustrated that the 13 C resonance, connected to this proton resonance, at 74.7 ppm, was consistent with phosphorylation. A 31 P-1 H HSQC-TOCSY experiment showed a cross-peak from a 31 P signal to a 1 H resonance at 4.56 ppm ( Figure 1C ) in addition to the expected cross peak from within the PEtn residue (4.12 ppm), and further connectivities to the H-5 and H-7 protons at 3.74, 3.84, and 3.73 ppm. Therefore, extensive NMR experimentation has unequivocally shown that the PEtn residue is present at the 6-position of the distal heptose residue of immunotype L6 core oligosaccharide.
Strains 6275z and M986
Sugar analysis of the purified LPS from strains 6275z and M986 revealed glucose (Glc), galactose (Gal), N-acetylglucosamine (GlcNAc), and L-glycero-D-manno-heptose (LD-Hep) in the approximate ratio of 1:2:2:1. O-Deacylated LPS (LPS-OH) was analyzed by CE-ES-MS (Table I) , revealing major ions at m/z ∼971.5 3− and 1069.0 3− corresponding to a composition of 2PEtn, 2HexNAc, 2Hep, 3Hex, 2Kdo, lipid A-OH, and for the larger glycoform an additional sialic acid residue.
Similarly, CE-ES-MS analysis on the core OS gave doubly charged ions at m/z 879.6 2− , 900.6 2− , and 929.1 2− suggesting a composition of 2PEtn, 2HexNAc, 2Hep, 3Hex, Kdo with the addition of an acetyl group and an acetyl group plus a glycine residue for the two larger glycoforms (Table I) . In order to locate the acetyl and glycine residues, CE-ES-MS analysis was performed in positive ion mode revealing singly positively charged ions at m/z 1804.1 + and 1861.2 + consistent with acetylated glycoforms and the absence and presence of a glycine residue, respectively. A doubly charged ion was also observed at m/z 881.8 2+ consistent with the absence of both O-acetyl and glycine residues (data not shown). MS/MS analysis of the singly charged ion with the O-acetyl moiety and without glycine at m/z 1804.1 + revealed a fragmentation pattern consistent with the expected glycose sequence for this oligosaccharide ( Figure 2A ). This analysis also enabled the location of the O-acetyl group to be assigned to the inner-core N-acetylglucosamine residue and both Table II . 1 H-, 13 C-chemical shifts, a and NOE data for the de-O-acetylated core OS from Nm strain M992B PEtn residues were located to the HepII residue ( Figure 2B ). MS/MS analysis of the ion at m/z 1861.2 + containing both acetyl and glycine moieties confirmed the sequence of glycose residues ( Figure 2C ) and moreover identified the inner-core Nacetylglucosamine as the location of the O-acetyl moiety and the HepII residue as the location of the glycine residue along with the two PEtn residues ( Figure 2D ). Clearly this HepII residue is highly substituted with two PEtn, one glycine, and one Nacetylglucosamine moieties all linked to it.
NMR studies were performed on core OS fractions from strains M986 and 6275z, following column chromatography of the core OS, which gave the most homogeneous NMR spectra, confirming the linkages of the glycose residues as previously established (Table III) . As inferred from the CE-ES-MS data, strains M986 and 6275z core OS contained one additional hexose residue and an additional PEtn residue when compared to strain M992B. Essentially identical NMR data were obtained from the core OS of strains 6275z and M986; in the interest of conciseness only data for strain 6275z are detailed here. A terminal β-galactose residue absent in strain M992B was present in 6275z core OS as evidenced by a characteristic spin system for a galacto-configured sugar originating from an anomeric 1 Hresonance at 4.49 ppm with ring protons at 3. 54, 3.66, and 3.93 ppm. An inter-residue NOE connectivity was observed to the 4-position of the beta N-acetylglucosamine residue at 3.74 ppm. CE-ES-MS data had established that two PEtn residues and a glycine residue were located at the HepII residue. The core OS fractions that were analyzed by NMR from strains 6275z and M986 did not contain a glycine residue, although we have previously shown in another meningococcal strain that the glycine moiety was located at the 7-position of the HepII residue . Thus, the only remaining locations for the PEtn residues are likely at the 3-, 4-, or 6-positions. NMR analysis of fractionated core OS from strain 6275z revealed a spin system originating from the anomeric proton resonance of the HepII residue at 5.70 ppm. Other spin systems were also observed for this residue due to the presence or absence of OAc groups at the inner-core GlcNAc residue ( Figure 3A , Table III ). The chemical shifts of the H-2 (4.52 ppm), H-3 (4.41 ppm) , and H-4 (4.14 ppm) resonances of the HepII residue were characteristic of the presence of substitution at the 3-position (Kogan et al. 1997; Mackinnon et al. 2002) . Using an extended mixing time (120 ms), it was possible to observe the H-5 (3.78 ppm) and H-6 (4.58 ppm) resonances in the spin system from the anomeric proton resonance of the HepII residue in a TOCSY experiment. The identification of a resonance at 4.58 ppm was characteristic of PEtn substitution at the 6-position of HepII (Kogan et al. 1997 ). The same TOCSY experiment ( Figure 3B ) identified cross-peaks at 3.90 and 3.73 ppm from the resonance at 4.58 ppm. These observations were extended in a 13 C-1 H HSQC experiment (data not shown) where it was illustrated that the 13 C resonances, connected to the proton resonances at H-3 and H-6, were at 76.1 and 74.5 ppm, respectively, consistent with phosphorylation. A 31 P-1 H HSQC-TOCSY experiment showed a cross-peak from 31 P signals to 1 H resonances at 4.41 and 4.58 ppm ( Figure 3C ) in addition to the expected cross peak from within the PEtn residue (4.12 ppm), and further connectivities to the H-2, H-4, H-5, and H-7 protons at 4.52, 4.14, 3.78, 3.90, and 3.73 ppm, respectively. Essentially identical NMR spectra were obtained from the fractionated core OS of strain M986 (data not shown, Table III ). Therefore, extensive NMR experimentation has unequivocally shown that PEtn residues are present at the 3-and 6-positions of the HepII residue of meningococcal strains 6275z and M986.
Strain NMB Sugar analysis of the purified LPS from strain NMB revealed glucose (Glc), galactose (Gal), N-acetylglucosamine (GlcNAc), and L-glycero-D-manno-heptose (LD-Hep) in the approximate ratio of 2:2:2:1. O-Deacylated LPS (LPS-OH) was analyzed by CE-ES-MS (Table I) , revealing major ions at m/z ∼733.6 4− , 806.4 4− , and 978.2 3− , 1075.7 3− corresponding to a composition of PEtn, 2HexNAc, 2Hep, 4Hex, 2Kdo, lipid A-OH and for the larger glycoform an additional sialic acid residue. Fig. 3 . NMR analyses of core OS Fr. 15 from strain 6275z. Regions of overlapped COSY (green-cyan) and TOCSY (red) spectra (panels A and B) and 1 H-31 P HMQC (green-cyan) and HMQC-TOCSY (red) spectra (panel C) of the core oligosaccharides. F is the letter code used for the HepII residue; thus, F2 refers to the proton resonance of H-2 of the HepII residue.
Phosphoethanolamine in the LPS from Neisseria meningitidis
Similarly, CE-ES-MS analysis on the core OS gave doubly charged ions at m/z 920.3 2− and 948.8 2− suggesting a composition of OAc, PEtn, 2HexNAc, 2Hep, 4Hex, Kdo and for the larger glycoform an additional glycine residue (Table I) . Applying the same methodologies as used for the 6275z core OS, MS/MS analysis in positive ion mode on the singly charged ions at 1843.2 + and 1900.3 + corresponding to the absence and presence of glycine in the core OS from strain NMB confirmed the known sequence of glycose residues in the oligosaccharide and furthermore established the location of the O-acetyl group at the inner-core N-acetylglucosamine residue and located a hexose, the PEtn, and the glycine moieties at the HepII residue (data not shown).
NMR studies were also performed on fractionated core oligosaccharide from strain NMB, confirming the linkages of the glycose residues as previously established (Table IV) . As inferred from the CE-ES-MS data, strain NMB core OS contained two additional hexose residues when compared to the core OS from strain M992B. A terminal β-galactose residue absent in strain M992B was present in strain NMB core OS as evidenced by a characteristic spin system for a galacto-configured sugar originating from an anomeric 1 H-resonance at 4.48 ppm with ring protons at 3.55, 3.67, and 3.93 ppm. An inter-residue NOE connectivity was observed to the 4-position of the beta N-acetylglucosamine residue at 3.75 ppm. A further additional hexose signal was observed in the NMB core OS spectrum at an anomeric 1 H-resonance of 5.39 ppm. This resonance gave rise to a spin system as identified in a TOCSY experiment with ring protons at H-2, 3.59 ppm, H-3, 3.73, and H-4, 3.49 ppm consistent with an α-glucose residue, as has been observed previously in NMB core OS (Rahman et al. 1998) . Furthermore, an NOE connectivity was observed from this residue to the 3-position of the distal heptose residue at 4.20 ppm, consistent with the CE-ES-MS evidence for a hexose located at the HepII residue. Therefore in strain NMB core OS, we have established that the HepII residue is substituted at the 2-position by the α-Nacetyl-glucosamine and at the 3-position by α-glucose. We have also established that there is a glycine residue at this heptose residue and have previously shown in another meningococcal strain that the glycine moiety was located at the 7-position . Thus, the only remaining locations for the PEtn residue are likely at the 4-or 6-positions. 2D 31 P-NMR experiments were performed on the fractionated O-deacylated core OS from strain NMB and confirmed that the PEtn residue was located at the 6-position of the HepII residue by utilizing the same methodologies as described above (Table IV; data not shown).
Sequencing of phosphoethanolamine transferases
Given that experiments on NMB implicated lpt6 as being responsible for both 6-and 7-PEtn addition (Kahler et al. 2005) , the translated nucleotide sequences of lpt6 genes from M992B (99.8% identical), NMB (96.9% identical), and 6275z (98.4% identical) were sequenced and found to be virtually identical to the sequence of the Lpt6 transferase from the L4 immunotype strain, which has been shown biochemically to transfer a PEtn residue to the 6-position of the HepII residue (Wenzel et al. in review) . 
Discussion
These studies have established that PEtn is found at the 6-position and not, as previous authors had suggested, based primarily on methylation analyses, at the 7-position of the HepII residue of the inner-core LPS from meningococcal strains M992B, NMB, 6275z, and M986. When one considers the fragmentation pattern one would obtain following methylation analysis schemes as described for strain M992B (Di Fabio et al. 1990 ), which employed a step to remove the PEtn residues either prior or subsequent to the methylation step, it is clear that discrimination between a 6-linked and 7-linked PEtn is challenging, as whether PEtn is at the 6-or 7-position of HepII, the major fragment ions in GC-MS would be at m/z 190 or 233. The only discriminating ion for 7-PEtn could be at m/z 117, but our studies indicated that this partially methylated heptitol acetate species co-elutes with the partially methylated hexosaminitol acetate species, which gives a major ion at m/z 117 in methylation analysis, and it is therefore impossible to establish which residue is contributing the ion at m/z 117 and thus designate the PEtn location from this method of analysis. The method employed for the NMB-derived strain (Monteiro et al. 2003) , involved methylation, removal of PEtn, re-methylation with deuterated methyl iodide, hydrolysis, reduction, and acetylation, which theoretically should afford the location of the PEtn residue by virtue of identification of where the deuterated methyl residue is located. However, whether PEtn is at the 6-or 7-position of HepII, the major fragment ions in GC-MS would be at m/z 190 and 208. The only discriminating ions for 7-PEtn could be at m/z 350 or 48, though it is well established that such small ions cannot be diagnostic and the large ion would be very minor due to the dominating fragmentation leading to the m/z 190, 208 ion pair. Similarly, the method employed for strain NMB (Kahler et al. 2005 ) involved methylation, removal of PEtn, ethylation, hydrolysis, reduction, and acetylation and relies upon the identification of where the ethyl group is located. However, whether PEtn is at the 6-or 7-position of HepII, the major fragment ions in GC-MS would be at m/z 190 or 219 and thus also not discriminatory. Regardless of the permutations that arise from methylation analyses, absolute definitive data can be obtained from appropriate NMR experiments. For strain M992B, 31 P NMR experiments were not utilized and thus relied totally upon methylation analyses (Di Fabio et al. 1990 ); for strain NMB-R6, the authors were unable to obtain sufficiently resolved 31 P NMR spectra to assign PEtn substitution location and thus had to resort to methylation analyses (Monteiro et al. 2003) ; for strain NMB, the authors only used 1D 31 P NMR experiments, which they claimed could distinguish between 3-PEtn and 6-or 7-PEtn but could not distinguish between 6-and 7-PEtn, thus resorting to methylation analyses (Kahler et al. 2005) ; and for strain M986, the authors, whilst acknowledging the limitations of methylation analyses for this purpose, still claimed that the PEtn residue is at the 7-position of HepII based on their "fine" structural analyses which surprisingly did not include 2D NMR analyses (Tsai et al. 2009) . In this study, we have unambiguously shown using extensive NMR studies including 31 P-NMR that for each strain, the PEtn residue is located at the 6-position and not at the 7-position of the HepII residue (Figure 4) . Fig. 4 . Structural representation of the core OS of Nm strains. For M992B, R1, R2, R3, and R5 are H, R4 is OAc; for 6275z/M986, R1 is α-Sial-2-3-β-Gal, R2 is PEtn, R3 is glycine or H, R4 and R5 are OAc or H (no 2 OAc glycoforms were observed); for NMB, R1 is α-Sial-2-3-β-Gal, R2 is α-Glc, R3 is glycine or H, R4 is OAc and R5 is H.
The identification of glycine as an O-linked substituent at the HepII residue in several meningococcal core OSs supports our conclusion that PEtn is not located at the 7-position of HepII. In previous studies on other meningococcal strains (galE mutants of L3 and L4 immunotype, , the glycine residue was located at the 7-position of the HepII residue; it therefore seems very likely based on the data obtained in this study on strains NMB and 6275z that the 7-position of the HepII residue could be the common location for the glycine residue in meningococcal core OS. Additional supporting data have been obtained from sequencing of the lpt6 phosphoethanolamine transferase genes from each of these strains. This gene has been implicated in the addition of both 6-and 7-PEtn moieties (Kahler et al. 2005) , based on the observation that an lpt6 mutant in this strain produced LPS that did not contain PEtn at either the 6-or 7-positions of HepII. In the study of Kahler et al., it was postulated that Lpt6 was possibly a bifunctional 6-/7-PEtn transferase, or alternately that Lpt6 is a monofunctional 6-PEtn transferase and that 7-PEtn arises from nonenzymatic transfer of some 6-PEtn moieties to the 7-position. Our sequencing data have revealed, however, that lpt6 NMB , lpt6 M992B , and lpt6 6275z have virtually identical sequences at the amino acid level to the Lpt6 transferase from the L4 immunotype strain, which we have recently shown (Wenzel et al. in review) catalyzes the transfer a PEtn residue to the 6-position of the HepII residue based on CE-ES-MS evidence of PEtn addition and reactivity of the product with the 6-PEtn-specific mAb L2-16 (Gidney et al. 2004) . Considering the fact that the L4 immunotype strain does not produce LPS containing 7-PEtn, it is unlikely that Lpt6 is either a bifunctional 6-/7-PEtn transferase or that 6-PEtn moieties are transferred nonenzymatically to the 7-position, but it is probably the incorrect identification of PEtn at the 7-position of HepII that led the authors to these conclusions. Taken together the data in this manuscript illustrates unequivocally that the PEtn residue is located at the 6-position and not at the 7-position of the distal heptose residue of the meningococcal inner-core oligosaccharide.
This has important immunotyping implications, as it is now clear that the only difference between immunotype strains L4 and L6 is that immunotype L6 elaborates an extension from the proximal heptose residue that terminates at the GlcNAc residue, thus differentiating the L6 immunotype from the fully extended L4 immunotype.
The absence of an additional location for PEtn at HepII also simplifies our approaches to the development of a LPS-based vaccine to combat meningococcal disease . The repertoire of PEtn decoration elaborated by N. meningitidis is restricted therefore to the 3-and 6-positions of the HepII residue, and as detailed here for strains 6275 and M986, at both the 3-and 6-positions simultaneously. The presence of the α-glucose residue at the 3-position of the HepII residue (strain NMB) also provides variety. Clearly the fewer the structures there are to consider in terms of inner-core variation, the easier it is to design a vaccine which would afford broad protection. We had previously shown that two mAbs specific for 3-PEtn and 6-PEtn were able to recognize 97% of Group B meningococcal strains (Gidney et al. 2004 ) and that the 3-PEtn-specific mAb was able to facilitate bactericidal killing and could passively protect infant rats in a model of meningococcal bacteraemia (Plested et al. 2003) . Furthermore, polyclonal mouse sera raised to a conjugate vaccine based on a meningococcal structure with 3-PEtn was also able to facilitate bactericidal killing of Group B meningococcal strains . The confirmation that there is no 7-PEtn reduces the number of inner-core antigens that would be required for an effective LPS-based glycoconjugate vaccine and therefore makes this vaccine approach a more realistic objective.
Material and methods
Bacterial growth N. meningitidis immunotype L6 strain (M992B; NRCC # 4726), NMB type strain (NRCC # 6404), 6275z vaccine strain (NRCC # 6403), and clinical strain M986 (NRCC # 6238) were grown in batch culture in a 24 L New Brunswick Scientific 1F-75 fermenter at 37 • C in Bacto Todd Hewitt broth (Difco, Detroit, MI). The fermenter was inoculated with 2.5 L of early exponential phase cells (∼6-8 h growth) from the same medium that had been inoculated using bacteria from an overnight growth (6 plates) in 50 mL Bacto Todd Hewitt broth (Difco). After overnight growth (20 h, pH 6.9), the culture was killed by the addition of phenol (1%) and chilled to 13
• C, and the bacteria were harvested by centrifugation (13,000 × g for 20 min) LPS isolation and purification LPS was isolated and purified from each strain as described previously (St. Michael et al. 2005) . Briefly, Nm cells (∼300-600 g wet wt.) were freeze-dried, yielding ∼50-130 g. Freezedried cells were washed with organic solvents (1× ethanol, 2× acetone, 2× light petroleum ether) to remove lipids and other lipophilic components yielding ∼40-100 g. Washed cells (30 g) were extracted by the hot phenol/water method, yielding ∼4-7 g, treated with DNase and RNase at 37
• C for 4 h followed by proteinase K treatment at 37
• C for 4 h. Small peptides were removed by dialysis. After freeze−drying, the retentate (∼3-5 g) was made up to a 2% solution in water, centrifuged at 8000 × g for 15 min, yielding an 8 K pellet, followed by further centrifugation of the supernatant at 100,000 × g for 5 h. The pellet, containing purified LPS, was re-dissolved and freeze-dried yielding ∼50-300 mg. Approximately 2 mg of the purified LPS was O-deacylated by standard methods (St. Michael et al. 2005) . The core oligosaccharide (OS) was isolated by treating the LPS (∼50-100 mg) with 1% acetic acid (10 mg/mL, 100
• C, 1.5 h) with subsequent removal of the insoluble lipid A by centrifugation (5000 × g). The lyophilized OS samples were subsequently further purified down a Bio-Gel P-2 column.
